ABSTRACT: Anopheles darlingi (Diptera: Culicidae) is the most important vector of malaria in South America and has already been found in peri-urban areas that commonly contain toxic nitrogenous compounds, such as ammonia. The adaptation of mosquitoes to polluted breeding sites can increase their distribution and affect the dynamics of vector-borne diseases such as malaria. Therefore, the present study investigated the tolerance of larval instars of An. darlingi to ammonia under acute and chronic exposure conditions. Anopheles darlingi larval mortality, development time, and pupal and adult production using larvae of the 1 st (L1) and 3 rd (L3) instar were assessed as both acute and chronic effects of exposure to different concentrations of ammonia. Lethal concentrations (LCs) for L1 larvae were lower than LCs for L3 larvae. In general, higher ammonia concentrations caused an increase in larval mortality, especially in chronically exposed L1 larvae. The larval development time in L1 and L3 was longer with chronic treatment and decreased with increasing concentrations of ammonia. The number of pupae was very low for acutely exposed L1 and L3 larvae. Likewise, the probability of adult production decreased with increasing ammonia concentrations. This is the first report on the tolerance of An. darlingi to pollutants. Journal of Vector Ecology 44 (1): 112-118. 2019.
INTRODUCTION
In Brazil, the prevalence of malaria is mostly restricted to the Amazon region and is transmitted by Anopheles mosquitoes, mainly Anopheles darlingi (Sinka et al. 2012 ). The immature forms of An. darlingi develop in aquatic environments; the larval sites of this species are classically described as large collections such as lakes or streams with clear water containing underwater, floating vegetation and debris (Deane 1947) . Moreover, An. darlingi breeding sites are usually shaded or partially shaded and contain low levels of sodium chloride (Manguin et al. 1996 , Nagm et al. 2007 ). However, this species was recently found in artificial water collections in rural settlements with limited water flow and close to human dwellings (Moutinho et al. 2016 , Arcos et al. 2018 .
There are important determinants of species distribution and considerations for effective vector control strategies in larval habitats. Among them are the physico-chemical components, including temperature, salinity, nitrates, nitrites, ammonia, pH, oxygen, turbidity, phosphates, and organic matter (Nagm et al. 2007 , Liu et al. 2012 , Rejmánková et al. 2013 , Ramirez et al. 2016 . Some chemical components present in larval habitats, such as ammonia, are highly toxic to mollusks, fish, and insects Camargo 2003, Wang and Leung 2015) . Data from the 1930s indicate that low concentrations of this substance, e.g., 1 ppm (SeniorWhite 1938), may inhibit oviposition or larval development of anophelines, but there is little information about ammonia concentration in chemical characterizations of mosquito larval habitats.
Despite this, the presence of Anopheles species in urban or peri-urban larval habitats containing ammonia (Nkondjio et al. 2011 , Fossog et al. 2013 , as well as high levels of nitrate, calcium phosphate, magnesium sulfate, dissolved solids, heavy metals and low oxygen has been reported in Africa (Nkondjio et al. 2011 , Gunathilaka et al. 2013 , Fossog et al. 2013 . Currently, the Brazilian Amazon region is undergoing environmental change, which is mostly a result of unplanned occupation of urban and peri-urban regions, lack of infrastructure, deforestation, and forest fires (Hahn et al. 2014) . These changes contribute to increased mosquito populations, especially of An. darlingi in settled areas near forest edges in the Amazon (Barros and Honório 2015, Tadei et al. 2016 ). Moreover, a high density of An. darlingi has been reported in some peri-urban areas with poor sanitation in Rondônia, Brazil (Gil et al. 2007) .
The increase of anopheline tolerance to this important pollutant present in urban and peri-urban environments (Fossog et al. 2013 ) seems important to the colonization of peri-urban and urban areas and thus can affect local malaria transmission dynamics. Therefore, the aim of the present work was to evaluate the tolerance of different larval stages of An. darlingi exposed to chronic or acute treatment with ammonia and the effect of ammonia on the biology of this anopheline.
MATERIALS AND METHODS

Mosquito collection and breeding
Mosquitoes were collected by human landing catches with held aspirators in two rural locations in Porto Velho, RO, Brazil (08°38'00.3"S, 63°55'51.9"W and 8°51'32.5"S, 63°55'49.6"W). Collected mosquitoes were placed in netted cages and blood-fed in the field using artificial feeders. The cages were kept inside a polystyrene box and transported to the Laboratory of Insect Bioecology of the Federal University of Rondonia. Mosquitoes were identified under a stereo microscope using dichotomic keys and forced to undergo oviposition by wing removal 72 h after blood-feeding. The resulting larvae were reared under laboratory conditions (28° C and 80% RH) and fed with finely ground TetraMin™ Tropical Flakes.
Calculation of lethal concentrations (LC 50 and LC 90) for the first (L1) and third (L3) stage larvae
Lethal concentrations for An. darlingi L1 and L3 larvae were calculated based on bioassays performed using methods adapted from the World Health Organization. Twentyfive larvae were exposed to ten concentrations of ammonia ranging from 25 to 1,000 ppm. A stock solution at 1,000 ppm of ammonium hydroxide was prepared and serial dilutions used to reach desired concentrations. The bioassays were performed in plastic trays containing 25 ml of the ammonia solutions. After 24 h, larval mortality was recorded. Four replicates and repeats of four times were performed for L1 and five times were performed for L3 in different periods in the bioassays.
Effect of chronic and acute ammonia exposure of L1 and L3 larvae on the biology of An. darlingi
The surviving larvae resulting from the bioassays for the LC calculation were reared under our laboratory rearing protocol. Briefly, eggs were placed in 100 ml plastic cups containing dechlorinated tap water (70 ml) for larval hatching. Larvae were fed using finely ground fish food (TetraMin™ Tropical Flakes) as described by Araujo et al. (2012) . Second instar and later instars were reared in plastic trays (30 x 22 x 8 cm) containing 300 ml of dechlorinated tap water. Larvae were separated into two groups of either acute or chronic treatments. In the acute treatment, L1 or L3, both previously exposed to ammonia for 24 h, were reared using dechlorinated tap water throughout their development. Larvae from the chronic treatment were reared in ammonia solutions in the same concentrations as those used for the LC experiments throughout their development. The following biological parameters were assessed: 1) development time from L1 to pupae (days); 2) daily larval mortality; 3) proportion of larvae pupating; and 4) probability of obtaining adults, or the number of adults divided by the number of pupae.
Data analysis
The data from the mortality tests were submitted to probit analysis (dosage and mortality) to obtain LC 50 and LC 90 (Minitab 14-MINITAB). Chronic vs acute treatment and concentration of ammonia were used as explanatory variables; the biological parameters of larval mortality, proportion of pupation, and probability of obtaining adults were the response variables. Furthermore, a random effect term was included in our models to account for the date (month) when the experiments were performed. All analyses were performed using the statistical software R 3.2.5 (R Development Core Team 2015); ggplot2 library was used for data visualization.
RESULTS
Lethal concentrations (LC 90 and LC 50 ) of ammonia to An. darlingi
Lethal concentrations for L1 larvae were lower than the LC for L3 larvae. In fact, the LC 50 of L3 larvae was three times higher and the LC 90 was almost double that of L1 larvae (Table 1) .
Effect of chronic and acute ammonia exposure on mortality of L1 and L3
There was a positive association (p <0.05) between the proportion of dead larvae and the ammonia concentration, independent of the larval stage. However, higher ammonia concentrations caused higher mortality in L1 larvae ( Figure  1 ). In general, L1 and L3 larvae showed higher mortality (p <0.05) with chronic treatment (82.2% and 62.3%, respectively) than with acute treatment (72.54% and 54.9%, respectively).
Effect of chronic and acute ammonia exposure on larval development times of L1 and L3
There was a significant negative association (p <0.05) between mean larval development time and ammonia concentration, regardless of the larval stage (Figure 2 In general, chronic exposure to ammonia resulted in significantly (p <0.05) longer development time compared to acute exposure (Figure 2 ).
Effect of chronic and acute ammonia exposure on pupation on L1 and L3 instar larvae
The average number of pupae (log) decreased significantly (p<0.05) with an increase in the ammonia concentration, independently of the larval instar and the level of ammonia exposure (Figure 3 ). Despite this, there were no significant (p>0.05) differences between acute and chronic ammonia exposure or between the larval instars.
Adult emergence probability of Anopheles darlingi larvae reared under chronic and acute exposure to ammonia Due to the small number of adults obtained, we opted to evaluate the probability of adult emergence at the tested concentrations. The probability of obtaining adults decreased significantly (p<0.05) with increasing concentrations of ammonia in the chronic and acute treatments, and adults were not obtained when L1 larvae were exposed to more than 500 ppm of ammonia (Figure 4 ).
DISCUSSION
Lethal concentrations of ammonia for An. darlingi L1 and L3 were much higher (Table 1) compared to other insects, such as the LC 50 of 6.60 ppm for the dipteran Chironomus ripaius and the LC 50 of 14.63 ppm after 96 h exposure to ammonia for mayfly larvae (Ephemeroptera) collected in rivers in Russia (Beketov 2004) . Ammonia tolerance in mosquitoes is even higher, as the present data show for An. darlingi L3 (Table 1) , with values similar to the LC 50 of An. gambiae larvae from rural areas (LC 50 : 453 ppm) (Fossog et al. 2013 ). In addition, experiments with successive generations of Ae. aegypti suggest that ammonia tolerance can be selected through continuous exposure, which might be related to the colonization of Ae. aegypti in aquatic habitats such as septic tanks (Mitchell and Wood 1984) or even rudimentary cesspits (Gil et al. 2015) .
Chronic exposure of An. darlingi to ammonia resulted in greater negative effects on most of the evaluated parameters, especially in younger larvae (L1). In the chronic and acute ammonia treatments, for both larval instars, mortality was high (> 50%). In laboratory conditions without the addition of potentially toxic substances, anophelines such as Anopheles nuneztovari present a mortality rate of 0.4% of L1 and about 19.6% of L4 larvae (Scarpassa and Tadei 1990) , while the mortality of An. darlingi larvae reared with a high food supply varies from 3.5% in L1 and 11% in L3 (Araújo et al. 2012) .
Increasing concentrations of ammonia tend to reduce the survival of aquatic animals. The crustacean Eulimnogammarus toletanus, after exposure to ammonia concentrations ranging from 1.23 ppm to 0.21 ppm for up to 144 h, showed a similar decrease in survival (Alonso and Camargo 2004) compared to the present study, when larvae of An. darlingi were exposed to ammonia for longer periods but at higher concentrations (25 to 1000 ppm). On the other hand, the effect of longer exposure to ammonia affects mosquito populations differently, e.g., only the rural population (Form S) of An. gambiae larvae (Fossog et al. 2013) .
Indirect effects of ammonia may also be associated with reduced survival, such as decreased food intake (Alonso and Camargo 2004) , which can also affect the larval development of mosquitoes and consequently the rate of pupation and adult emergence (Bayoh and Lindsay 2004) . In addition, exposure to ammonia led to a change in the immune response of Litopenaeus vannamei shrimps, causing a reduction in phagocytic activity, resulting in a reduction in bacterial resistance in these organisms and an increase in mortality (Liu and Chen 2004) .
In the present study, development time was affected by both larval instar and ammonia treatments (Figure 2 ). Despite that, the mean development time of both L1 and L3 An. darlingi larvae was similar under acute and chronic exposure (12 days from L1 to pupae and eight days from L3 to pupae) to the development time of this species under regular laboratory conditions, i.e., 12 days from L1 to pupae and 8 days from L3 to pupae (Santos et al. 1981) .
The larval development time observed in our study decreased significantly with increasing ammonia concentrations, although few larvae survived the highest concentrations, especially at the L1 (Figure 2 ), which may be related to the mechanisms of ammonia assimilation used by insects to reduce its toxic effects. Silkworm larvae recycle metabolic ammonia by incorporating excess nitrogen from ammonia into the amino acid glutamine, a conversion also performed in the fat body and later used in the synthesis of fibroin, a protein important for the production of the cocoon (Hirayama et al. 1997) . In another species of silkworm, Samia cynthia ricini, ammonia can be transformed into alanine, also related to the production of fibroin (Osanai et al. 2000) . In mosquitoes, adults of Ae. aegypti fed with excess ammonia converted this substance into glutamine and then into another amino acid, proline, using them to produce energy during flight (Scaraffia and Wells 2003) .
The higher tolerance to ammonia in mosquitoes in relation to other insects might be related to blood feeding. Blood is a protein-rich food that is transformed during the metabolic process into other nitrogenous compounds, including toxic ammonia. Ae. aegypti females perform the conversion of ammonia into different amino acids. The fat body and intestine of mosquitoes are responsible for the assimilation of ammonia nitrogen. Glutamine synthase (GS) combines glutamate with the ammonia molecule (NH 3 ) to synthetize glutamine (Scaraffia et al. 2010 ). An increase in GS transcription has also been reported for An. gambiae after blood is ingested (Ribeiro 2003) . In mosquitoes, glutamine can act as a precursor for proline synthesis via glutamate synthase (GltS) (Scaraffia et al. 2010 ). These generated products (glutamine and proline) are required in the production of energy during flight (Scaraffia and Wells 2003) .
The Anopheles darlingi L1 instar was more sensitive to ammonia (Figures 1 to 4) than the L3 instar and supports the findings of Walker (2016) that show lower ammonia toxicity in the latter instars of Aedes triseriatus. Differences in larval mortality, pupation, and adult production in this species within different instars may result from the capacity to detoxify toxic compounds throughout larval development. The later instars of Spodoptera frugiperda and Cydia pomonella (Lepidoptera) are more tolerant to insecticides compared to the early instars, and the production of detoxifying enzymes also increases in the last larval instar (Yu 1983 , Bouvier et al. 2002 .
Some limitations regarding the experiments and the results on the tolerance of Anopheles darlingi to ammonia should be mentioned. First, the tests were carried out with ammonium hydroxide, as well as in other experiments with other organisms such as fish and also anophelines (Fossog et al. 2013 ), but we use the term ammonia as it relates to aqueous solutions of ammonium that dissociate into ammonium ion (NH 4 ) and un-ionized ammonia (NH 3 ) whose equilibrium depends on the pH and temperature of the solution (Emerson et al. 1975) .
Another important consideration is that the concentrations of ammonia tested (NH 3 -N) were generally much higher than those normally found in anopheline larval habitats, such as 3.4 to 16.5 ppm for Anopheles colluzi in Cape Coast, Ghana (Kudom 2015) , 0.2 to 2.8 ppm for Anopheles gambiae and Anopheles melas in Accra, Ghana (Opoku et al. 2007 ) and 0.75 to 5.0 ppm for Anopheles gambiae in Yaounde, Cameroon (Fossog et al. 2013) . Other mosquito species found in more specific habitats such as tree holes can have up to 36.7 ppm for Aedes triseriatus (Walker 2016) , discarded tires, 139-174 ppm for Aedes atropalpus, Aedes triseriatus, and Culex restans (Beier et al. 1983) , and in septic tanks, 10 -70 ppm Armigeres subaltus (Rajavel 1992) .
Lethal ammonia concentrations in An. darlingi were similar to those of the rural (S form) of the important African vector An. gambiae (Fossog et al. 2013) . Later larval instars were more tolerant to this substance. High ammonia concentrations during the rearing of An. darlingi larvae negatively affected most of the studied biological parameters, especially under chronic exposure conditions. No adults emerged from L1 larvae reared with ammonia concentrations over 500 ppm. This is the first report on the tolerance of An. darlingi to pollutants such as ammonia.
